Abstract. On the basis of 2200 small (10-100) samples obtained from four random number populations, it is shown that the rank correlation coefficient, p, is 88 adequate a measure of concordance 88 the Pearson product-moment correlation, T. The samples were obtained by using pseudo-random linear and normal number generators for bivariate populations with expected correlation cC'efficientB, r~, of 0.0 and 0.5. The sampling distributions for p and r appear 80 similar that one may conJlude that at least 95% of the values of Ip -TI should lie within one standard error of T. It is suggested that geophysicists may benefit from the speed of calculating p when a rapid and objective measure of concordance is sought.
Introduction. In meteorology, oceanography, and other geophysical disciplines, correlation methods are required in order to glean informa.-tion from limited data. The Pearson productmoment correlation coefficient, r, is generally used as the indicator of concordance in a series of paired varlates. Although regression equations result from the determination of r, in a large number of geophysical problems only a rapid and objective measure of concordance is sought. For example, McDonald and Green [1960] mentioned studies of climatological homogeneity of a region where one is interested in determining the spatial pattern of correlation between one or more base stations and a large number of neighboring stations. In these problems the Spearman or rank correlation coefficient, p, becomes the preferred geophysical correlation coefficient when the sample size is small (less than 50) and a rapid method is desired.
McDonald and Green examined the difference, r -p, using 50-year records of ha.lf-year precipitation from 220 stations throughout the United States. They concluded that the distributions of p and r are so similar that for most applications of correlation coefficients to geophysical problems p is as adequate a statistic as r and in certain cases is preferable to r. Their work, however, does not provide information on the relationship between p and r for smaller sample sizes (l~ than SO). It is for these small samples that the rank correlation coefficient is genuinely useful for rapid hand calculation. Also, McDonald and Green provide no comparison of p and r for various parent populations. This information is required in order to strengthen the confidence of geophysicists in the reliability of the rw correlation coefficient as an indicator of the magnitude of the productmoment correlation coefficient.
A series of empirical experiments has been designed to provide information on the sampling distribution of p and r for these small samples. It will be shown that p is an adequate measure of r over their entire range for samples of size 10-100 drawn from both random linear and random normal populations.
If exact information on the probability of existence of p is required, one may refer to Owen [1962] (sample size, 1-11) or Old" [1938] (sample size, 11-30). These authors assume no relationship between the paired variates, and they have given significance tables for a bivariate population of zero correlation. The sampling distributions of p for nonzero bivariate populations are not known.
To determine a rank correlation coefficient, the investigator replaces the precise values of the variables (x" V,) by ranks. The smallest x, is assigned the rank 1 and the next largest value the rank 2, and so forth. The V, values are also assigned ranks. If there is a tied rank, the ranks are usua.lly split between the identical variables. After assigning ranks, the difference in the ranks
where N is the number of paired ranks. Spearman [1006] was the first to propose that ranks be considered in place of the continuous variables j thus p is also called the Spearman coefficient of rank correlation. H concordance is perfect, 1:, d,s = 0 and p = 1.0. H discordance is perfect, p = -1.0. The value of p in all other cases li~ betw~ these limitB. The formula usually given for testing the significance of p is similar to that for r 1 (d, = Xi -y,) is found and the rank correlation coefficient, p, is calculated using
Student's t = p ~ (2) with N -2 degrees of freedom [e.g., Moroney, 1956] .
Data aftd procedure. Actual geophysical data from which small random samples may be drawn are not available in large quantities. To accomplish our objective it was expedient to utilize two random number generator subroutin~ on a. high-speed digital computer. These subroutin~ utilize the power-residue technique to produce pseudo-random numbers (see IBM Reference Mooual Cfo-8O11). Over 8.5 billion numbers can be obtained before they repeat. Two types of random number populations were generated, a random linear population and a random normal population. From the former all numbers are in a finite range and have an equal probability of being chosen. The numbers in the latter population have the probability distribution of a normal population with a specified mean, /l-J., and standard deviation, a~. This random normal number generator is based on the well-known central limit theorem that the means of samples of size N drawn from any population wh~ moment-generating function exists have a distribution which approaches a normal distribution as N becomes large [e.g., H oel, 1954] .
A set of simple experiments was designed in which sets of 100 small bivariate samples with sizes varying from 10 to 100 were drawn from four' distinct parent populations. For each of these sampl~, p and r were calculated with, a D GRIFFITHS digital computer. For each group of 100 samples, a regression equation was calculated which yielded a standard error of estimate between the values of r and p.
The two basic populations obtained from the Subroutines are (1) a random linear population with a range of 0.0 to 1.0 and (2) a random normal population with mean P,l = 0.0 and standard deviation a. = 250. These statistics are entirelyarbitrary") and another range, /lol, or a. may be specified. For sample size 10, 92 of 100 samples from the random normal population indicated that they were obtained from a normal distribution at the 95% confidence limits of the Cornu, skewness, and kurtosis tests [see Brookl and Carruthers, 1953] .
Since numbers drawn from these populations are ~tia1ly random, we can aImUme that the bivariate sample comes from a population with a population product-moment correlation coefficient (r.) of approximately zero. Empirically, it was found that such was the case. As the sample size, N, was increased, the range of r for each group of 100 samples decreased and was symmetrical about zero. Consequently, in order to be able to draw random biva.ri&te samples with larger correlation coefficients, we created two artificial populations with expected population correlation coefficients of r. = 0.50 by allowing x, = 1/, for even values of i. Thus there were four random number populations from which to obtain samples: random linear populations with expected r. = 0.5 and r. = 0.0 and random normal populations with expected r. = 0.5 and rp = 0.0. The random linear and random normal populations produced in this manner are inherently interesting to scientists because they yield those larger correlation coefficients considered significant in the geophysical disciplines.
It is realized that the repetition of pairs of values will destroy the random normality of the population, but, in order to obtain higher values of r., such a change can be tolerated.
Re8'UltB. From each population, 100 samples of size 10, 20(20)100 were drawn and r and p were calculated. The concordance between r and p in each of these sets of 100 paired values was estimated by linear regression. These results are shown in Table 1 . It can be seen that the concordance between r and p, as measured by the linear correlation coefficient (another use of r), u.. are drawn. In Figure 1 the random linear samples are shown, and in Figure 2 the random normal samples. It can be seen that p is an adequate indicator of r at this small sample size. Also, the statistics in Table 1 indicate that the degree of concordance improves as N increases.
In Figure 1 , none of the values of Ip -rl of the 200 samples lies beyond I U ..1.
In Figure 2 , five of the 200 values of Ip -rl exceed lu..l.
Conclusions. The bases for using th~ rank correlation coefficient as the preferred measure of correlation are detailed by McDonald [1957J and summarized by McDonald and Green [1960] '. These arguments need not be presented here.
From the 2200 samples of various size, 55.0% had positive values of Irl -Ipl. A similar result prompted McDonald and Green to conclude that p is slightly conservative as an estimate of r. In an earlier theoretical investigation, Pearson [See Kendal!, 1947] showed that if the distributions of the variates are normal, is quite satisfactory. This correlation coefficient increases as the individual sample size, N 1 increases, being above 0.83 for the random linear populations and above 0.81 for the random nor.: mal populations. Also, since the standard error of estimate decreases with N 1 we can conclude that p should approach r as N approaches infinity. No measure of the speed of convergence is known, but this is not pertinent to the present work since our interest lies only in utilizing p for small sample sizes. We note also that the slopes of all the regression equations were less than unity. This indicates that p will be a slightly conservative indicator of r as the magnitude of r increases. From Table 1 we also see that the observed range of r and p decreases as N becomes larger and that the values are symmetric about r ,.
In Figures 1 and 2 results of the present work do not support the (3) applicability of (3) for small samples. "
It has been shown that the rank correlation coefficient is a satisfactory indicator of the product-moment correlation coefficient for smaJl samples drawn from random normal and linear populations. Although machine techniques were utilized, it is easily demonstrated that p can be computed more quickly than r for samples of size l~ than 30 to 40; hence p deserves more attention by geophysicists. (Manuscript received August 17, 1964; revised February 9, 1965.) 
